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ABSTRACT 


Nitridated  Si— Ti— Ni  (STN)  ternary  alloy  as  an  anode  for  lithium  ion  batteries  is  prepared  by  the  NH3 
nitridation  of  STN  alloy.  The  nitridated  STN  electrode  shows  14%  increased  reversible  capacity  and  4 
times  higher  rate  capability  at  3  C  compared  to  those  of  pristine  STN  electrode.  These  improvements  are 
attributed  to  the  formation  of  nitride  compounds  (such  as  SiNx/SiNxOy,  TiNx/TiNxOy  and  NiNx/NiNxOy)  on 
STN  alloy,  which  benefits  both  mechanics  and  kinetics. 
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1.  Introduction 

Silicon  is  a  promising  candidate  as  an  anode  material  for 
lithium-ion  batteries  (LIBs)  due  to  its  high  theoretical  capacity  of 
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4200  mAh  g-1  and  relatively  low  working  potential  [1,2].  However, 
poor  cycle  performance,  which  results  from  the  pulverization  of  Si 
active  material  and  the  breakdown  of  electrical  conduction  path¬ 
ways  caused  by  a  large  volumetric  change  during  cycling,  limits  its 
practical  use  [3].  Considerable  effort  has  been  devoted  to  improve 
the  cycle  performance  by  engineering  the  electrode  configuration 
including  the  dimension,  geometry  and  composition.  Nano- 
structured  Si  materials,  such  as  nanoparticles  [4],  nanowires  [5], 
and  Si  nanoparticle-decorated  Si  nanowire  [6  ,  showed  improved 
capacity  retention  compared  to  that  of  a  bulk  Si  due  to  a  smaller 
absolute  volume  change  and  mechanical  stress  induced  during 
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Scheme  1.  Schematic  illustration  of  pristine  STN  and  nitridated  STN  electrodes. 


cycling  [2-7].  Porous  nanostructured  materials,  such  as  porous 
three-dimensional  nanorod  array  [8],  Si  nanotube  array  [9]  and 
hierarchical  micro/nano  porous  silicon  10],  have  been  also  exten¬ 
sively  explored.  Their  porous  morphology  and  high  ratio  of  surface 
area  to  volume  enable  a  facile  strain  relaxation,  which  leads  to 
significant  improvement  in  electrochemical  performances,  espe¬ 
cially  cycle  performance.  Although  these  Si  nanostructures  with 
unique  geometries  showed  promise,  the  expensive  cost  and  diffi¬ 
culty  in  the  synthesis  of  these  nanostructured  materials  limit  their 
practical  use  in  commercial  products.  Alternative  approach  is  the 
incorporation  of  nano-sized  Si  particles  into  a  shape  memory  alloy 
composed  of  inactive  phase  metals  to  lithium.  The  Si-Ti-Ni  (STN) 
ternary  alloy  is  a  representative  form  of  such  kinds  of  materials. 
Nitinol  matrix,  nickel— titanium  (Ni— Ti)  alloy,  is  an  inactive  phase 
to  lithium,  and  it  has  high  elastic  characteristics  which  could 
accommodate  effectively  the  large  volume  change  of  embedded  Si 
without  mechanical  degradation,  enabling  a  robust  cycle  perfor¬ 
mance  [11,12].  Furthermore,  the  synthesis  method  is  simple  and 
cost-effective  for  large  scale  production.  Jung  et  al.  reported  that 
ultra-fine  sized  Si  embedded  into  the  Ni— Ti  matrix  phase  electrode 
shows  reversible  capacity  of  907  mAh  g-1  and  cycle  performance  of 
77%  for  50  cycles  [11].  Son  et  al.  prepared  nano-Si  particles 
embedded  into  a  matrix  of  Ti4Ni4Si7  using  melt  spinning  method. 
Nano-Si  particles  embedded  into  a  matrix  of  Ti4Ni4Si7  electrode 
delivers  initial  discharge  capacity  of  1325  mAh  g-1,  charge  capacity 
of  1158  mAh  g_1,  and  cycle  performance  of  78%  for  50  cycles  [12]. 
However,  there  exist  several  challenges  for  the  practical  use  of  STN 
as  an  anode  material.  For  instance,  various  native  oxides,  such  as 
SiOx,  TiOx  and  NiOx,  are  necessarily  formed  on  the  surface  of  STN 
particles,  which  induces  large  irreversible  capacity  and  poor  rate 
capability  caused  by  low  electrical  conductivity  [11,1 2].  These  issues 
should  be  addressed  to  successfully  replace  current  carbon-based 
anode  with  the  STN-based  anode  and  realize  LIBs  with  high  en¬ 
ergy  density  and  power  density. 


Here  we  report  nitridated  STN  ternary  alloy  as  an  anode  material 
for  high  energy  and  power  density  LIBs  with  robust  performances. 
Nitridated  STN  was  simply  prepared  by  the  heat  treatment  of  STN 
powder  under  NH3  flow.  Various  nitride  compounds  (SiNx/SiNxOy, 
TiNx/TiNxOy  and  NiNx/NiNxOy)  converted  from  the  native  metal 
oxides  could  be  formed  on  the  surface  of  STN  powder  after  the 
nitridation  process  (Scheme  1 ).  These  nitride  compounds  would  be 
beneficial  to  the  electrochemical  performances  of  STN-based  elec¬ 
trodes.  The  SiNx/SiNxOy,  and  TiNx/TiNxOy  compounds  have  much 
higher  mechanical  strength  and  electronic  conductivity  compared 
to  their  metal  oxide  forms,  which  enables  significant  improve¬ 
ments  in  both  mechanics  and  kinetics  [13].  Furthermore,  the  NiNx/ 
NiNxOy  compound  shows  higher  specific  capacity  and  better 
reversibility  in  electrochemical  behavior  than  NiOx  form  14].  The 
physicochemical  properties  for  the  oxide,  nitride  and  oxynitride  in 
literature  are  summarized  in  Table  SI.  In  this  study,  we  demonstrate 
that  significant  improvements  of  the  STN  anode  material  in  elec¬ 
trochemical  performances  could  be  achieved  by  its  surface  modi¬ 
fication  with  nitride  compounds  via  simple  nitridation  process. 

2.  Experiment 

STN  powder  (MI<  electron)  with  an  atomic  ratio  of  66%(Si)- 
17%(Ti)-17%(Ni)  was  used  as  a  starting  material.  For  the  synthesis 
of  nitridated  STN,  pristine  STN  was  loaded  into  a  tube  furnace.  And 
then,  the  furnace  was  heated  up  to  500  °C  and  maintained  for  2  h 
under  the  flow  of  NH3  gas  (200  seem).  After  that,  the  sample  was 
cooled  down  to  room  temperature.  To  prepare  electrodes,  pristine 
or  nitridated  STN  and  graphite  as  active  materials,  Ketjen  black  as 
a  conducting  agent  and  modified  carboxymethyl  cellulose  (CMC) 
as  a  binder  were  used  in  a  weight  ratio  of  88:4:8.  The  mixing 
process  was  conducted  by  Thinky  mixer  at  2000  rpm  for  10  min. 
The  prepared  slurry  was  coated  onto  a  copper  current  collector  by 
doctor  blade  to  make  electrodes.  To  evaluate  the  electrochemical 
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performance,  2032R  type  coin  cells  were  fabricated,  comprising 
pristine  STN  or  nitridated  STN  mentioned  above  as  working 
electrodes,  a  pure  lithium  metal  foil  as  a  counter  electrode,  1.5  M 
LiPF6  in  ethylene  carbonate/diethylene  carbonate/fluoroethylene 
carbonate  (EC/DEC/FEC,  5:70:25  vol  %)  as  an  electrolyte  and  a 
polypropylene  (PP)  separator.  The  coin-type  half  cells  were  cycled 
in  the  voltage  range  between  0.01  and  2  V  using  a  battery  cycle 
tester  (TOSCAT  3000,  Toyo  Systems,  Tokyo,  Japan).  The  cycle  per¬ 
formance  and  rate  capability  of  the  cells  were  evaluated  in  a 
constant  current-constant  voltage  (CC-CV)  mode  and  constant 
current  (CC)  mode,  respectively.  Pristine  STN  and  nitridated  STN 
powder  were  characterized  using  a  field  emission  scanning  elec¬ 
tron  microscope  (FE-SEM,  JEOL  JSM-7600F),  a  field  emission 
transmission  electron  microscope  (FE-TEM,  JEOL  JEM-2100F), 
scanning  TEM  (STEM,  JEOL  JEM-2100F),  X-ray  photoelectron 
spectrometer  (XPS,  VG  microtech  ESCA2000)  and  X-ray  diffraction 
(XRD,  Rigaku  D/MAX  RINT-2000). 

3.  Results  and  discussion 

Fig.  1  shows  the  electron  microscopy  images  for  the  pristine  STN 
and  the  nitridated  STN  powders.  As  shown  in  the  field  emission 
scanning  electron  microscope  (FE-SEM)  image  (Fig.  1(a)),  the  pris¬ 
tine  STN  powder  has  a  wide  range  of  particle  size  distribution  from 
1  pm  to  10  pm.  The  detailed  morphology  of  pristine  STN  powder 
was  further  characterized  using  a  transmission  electron  microscope 
(TEM).  The  Low  magnification  TEM  image  (Fig.  1(b))  shows  a  clear 
variation  in  the  brightness  between  Si-Ti-Ni  alloy  matrix  and  Si 
domain  due  to  the  different  scattering  ability  of  each  metal.  It  is 
observed  that  Si  domains  with  the  diameter  of  20  nm  (relatively 
bright  dots)  are  uniformly  embedded  in  the  Ni— Ti  matrix.  The 
morphology  of  homogeneously  distributed  Si  domains  in  the  ma¬ 
trix  with  high  elastic  characteristics  is  beneficial  to  the  cycle  per¬ 
formance  via  facile  strain  relaxation  and  improved  mechanical 
properties.  HR-TEM  images  of  bare  STN  and  nitridated  STN  particles 
clearly  show  amorphous  layers  on  their  surface  regardless  of  the 
nitridation  treatment  (Fig.  S3).  Fig.  1(c)  shows  the  scanning  trans¬ 
mission  electron  microscope  (STEM)  image  and  the  compositional 
line  profile  for  the  STN  particle.  The  signals  corresponding  to  four 
elements  (Si,  Ti,  Ni  and  O)  are  uniformly  observed  along  the  yellow 


line  (in  the  web  version)  in  Fig.  1(c).  The  signal  corresponding  to  Si 
shows  the  highest  intensity  compared  to  the  other  elements.  The 
intensities  for  Ni  and  Ti  element  signals  are  identical.  Very  weak  O 
element  signal  is  detected  due  to  the  native  oxide  layer  formed  on 
the  surface  of  STN  particle.  Fig.  1(d)  and  (e)  shows  the  SEM  and  the 
low  magnification  TEM  images  for  the  nitridated  STN  particles, 
respectively.  A  noticeable  difference  in  size  and  morphology  was 
not  observed  in  the  nitridated  STN.  However,  compositional  line 
profile  for  the  nitridated  STN  particle  (Fig.  1(f))  reveals  that  nitrogen 
signal  is  newly  generated  while  maintaining  the  signals  of  the  other 
elements.  The  intensity  of  nitrogen  signal  is  similar  to  that  of  ox¬ 
ygen  signal. 

X-ray  diffractometer  (XRD)  and  X-ray  photoelectron  spectros¬ 
copy  (XPS)  were  employed  to  investigate  a  change  in  crystal  phase 
and  surface  composition  of  STN  powder  before  and  after  the 
nitridation  process,  respectively.  XRD  result  clearly  shows  a  struc¬ 
tural  change  of  STN  powder  after  the  nitridation  process  (Fig.  SI ).  In 
the  case  of  pristine  STN  powder,  all  diffraction  patterns  are  assigned 
to  crystalline  Si  and  Ti— Ni  alloy.  After  nitridation,  the  diffraction 
patterns  related  to  Si  and  Ni-Ti  alloy  become  sharp  with  high  in¬ 
tensity.  The  heat  treatment  during  the  nitridation  process  results  in 
the  stimulation  of  crystallographic  ordering  of  STN  powder,  which 
induces  new  diffraction  peaks  generated  at  22.4°,  34.6°,  58.6°, 
60.6°,  62.5°,  64.5°  and  71.2°.  Although  we  could  not  find  the  crys¬ 
talline  materials  that  match  newly  generated  peaks  in  JCPDS 
database,  they  might  represent  nitridated  Si— Ti  or  Si— Ni  binary/ 
ternary  intermetallic  compounds.  Fig.  S2  shows  the  XPS  spectra  for 
both  pristine  STN  and  nitridated  STN  powders.  It  is  clear  that  the  N 
Is  peaks  were  developed  after  the  nitridation  process.  The  N  Is 
peaks  correspond  to  the  typical  binding  energy  of  nitride  com¬ 
pounds.  In  the  XPS  spectra  of  Ti  2p,  a  noticeable  peak  shift  in  the 
range  of  456-457  eV  was  observed  after  nitridation,  which  is 
closely  related  to  TiNx  and  TiOxNy  [15].  In  the  XPS  result  for  Si  2p  of 
the  pristine  STN  powder,  the  peaks  located  at  ~  102.5  eV  and 
~99  eV  are  assigned  to  Si-0  and  Si-Si  bonding,  respectively  16]. 
After  the  nitridation  process,  the  peak  located  at  ~  102.5  eV  was 
broadened  and  shifted  to  the  100.5-101  eV  range,  corresponding  to 
Si-N  bonding  17  .  Although  a  slight  peak  shift  is  observed  in  the 
XPS  spectrum  of  Ni  2p  after  the  nitridation  process,  this  shift  may 
not  support  the  formation  of  NiNx/NiNxOy. 


Fig.  1.  FE-SEM,  TEM,  and  STEM  images  of  pristine  STN  particle  ((a)-(c)),  and  nitridated  STN  particle  ((d)-(f)),  respectively. 
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Fig.  2  shows  the  voltage  profiles  at  the  first  cycle,  cycle  re¬ 
tentions  and  rate  capabilities  for  pristine  STN  and  nitridated  STN 
electrodes.  The  electrochemical  performances  were  evaluated  in 
the  voltage  range  of  0.01  and  2.0  V  (vs.  Li/Li+).  As  shown  in  Fig.  2(a) 
and  (b),  both  electrodes  exhibit  a  long  voltage  plateaus  around 
0.1  V,  corresponding  to  the  alloying  reaction  of  the  crystalline  Si 
with  lithium.  The  pristine  STN  electrode  exhibits  the  first  charge 
capacity  (lithium  insertion)  of  814  mAh  g-1  and  discharge  capacity 
(lithium  removal)  of  746  mAh  g~\  which  indicates  the  first 
coulombic  efficiency  of  91.6%.  The  nitridated  STN  electrode 
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Fig.  2.  Electrochemical  performances  of  the  pristine  STN  and  the  nitridated  STN 
electrodes  (a)  The  first  cycle  voltage  profiles  at  a  rate  of  0.1  C.  (b)  Cycle  retentions  and 
coulombic  efficiencies  at  a  rate  of  1  C.  (c)  Rate  capabilities  at  various  C  rates. 


exhibits  12%  increased  first  charge  capacity  (916  mAh  g-1)  and  14% 
increased  reversible  capacity  (849  mAh  g-1)  compared  to  those  of 
pristine  STN  electrode  with  the  first  coulombic  efficiency  of 
92.7%  Previously  reported  STN  electrodes  showed  low  initial 
coulombic  efficiencies  of  around  87%.  The  increased  charge  ca¬ 
pacity  of  the  nitridated  STN  electrode  is  mainly  attributed  to  the 
enhanced  electronic  conductivity  of  STN  particles.  Although  the 
STN  particle  is  composed  of  highly  conducting  metals  such  as  Ti 
and  Ni,  its  surface  is  covered  by  insulating  native  oxides.  Therefore, 
even  if  a  conducting  agent  is  employed  for  the  conducting  path  in 
the  electrode,  some  regions  in  the  electrode  are  electrically  iso¬ 
lated  due  to  the  imperfect  dispersion  of  the  active  material  and  the 
conducting  agent,  which  leads  to  a  decrease  in  capacity.  Another 
possible  reason  for  the  increased  specific  capacity  could  be  the 
formation  of  NiNx/NiNxOy  compound,  which  has  higher  specific 
capacity  and  better  lithium  reversibility  than  NiOx.  Flowever,  the 
increment  in  the  specific  capacity  from  the  NiNx/NiNxOy  com¬ 
pound  would  not  be  significant  due  to  its  marginal  existence  on 
the  surface  of  the  STN  particle.  The  nitride  compounds  on  the 
surface  of  nitridated  STN  particles  also  benefit  the  formation  of  a 
stable  solid  electrolyte  interphase  layer  on  the  STN  particle,  which 
leads  to  the  improvement  in  coulombic  efficiency.  The  cycle  per¬ 
formances  for  both  electrodes  were  also  monitored  at  a  rate  of  1  C 
for  100  cycles.  Pre-cycling  at  a  rate  of  0.01  C  for  3  cycles  was 
performed  prior  to  evaluating  the  long  term  cyclability.  The  pris¬ 
tine  and  nitridated  STN  electrodes  show  the  capacity  retentions  of 
70.2%  and  74.7%,  respectively.  It  should  be  noted  that  even  though 
the  nitridated  STN  electrode  shows  higher  specific  capacity, 
implying  that  the  nitridated  STN  electrode  experiences  more  se¬ 
vere  volume  change  during  cycling  compared  to  the  pristine  STN 
electrode,  the  nitridated  STN  electrode  also  exhibits  better  cycle 
performance.  The  excellent  mechanical  properties  of  SiNx/SiOxNy, 
such  as  a  high  elastic  modulus  and  hardness,  suppress  the  pul¬ 
verization  of  the  Si  active  material  and  improve  the  mechanics 
associated  with  lithium.  The  rate  capability  of  the  pristine  STN  and 
nitridated  STN  electrodes  was  evaluated  at  various  C  rates  to 
explore  the  effect  of  nitridation  treatment  on  kinetics  (Fig.  3(c)). 
The  nitridated  STN  electrode  shows  excellent  rate  performance 
compared  to  that  of  pristine  STN  electrode.  Especially  at  as  high 
rate  as  3  C,  nitridated  STN  electrode  delivered  about  4  folds  higher 
capacity  than  that  of  pristine  STN  electrode.  The  improved  rate 
capability  of  nitridated  STN  electrode  is  attributed  to  the  formation 
of  highly  conducting  TiNx/TiOxNy  compound.  The  rate  capability  of 
electrode  is  generally  governed  by  the  electronic  conductivity  and 
the  ionic  conductivity  in  the  electrode.  As  shown  in  Fig.  1,  STN 
powder  has  a  wide  range  of  particle  size  distribution  from  1  pm  to 
10  pm.  A  large  particle  size  could  induce  a  long  diffusion  distance, 
which  lead  to  a  limited  improvement  in  rate  capability.  Further 
improvement  in  the  rate  capability  can  be  achieved  by  reducing 
the  STN  particle  size. 

Galvanostatic  intermittent  titration  technique  (GITT)  was  per¬ 
formed  to  better  understand  the  effect  of  the  nitridation  treat¬ 
ment.  Fig.  3(a)  and  (b)  shows  the  transient  voltage  profiles  for  the 
pristine  STN  and  the  nitridated  STN  electrodes  during  the  first 
cycle,  respectively.  A  closed-circuit  voltage  (CCV)  and  a  quasi¬ 
open-circuit  voltage  (QOCV)  were  obtained  after  applying  a  con¬ 
stant  current  density  of  0.25  mA  g-1  for  15  min  and  switching  off 
the  applied  current  for  30  min,  respectively.  The  internal  resis¬ 
tance  was  calculated  from  QOCV  and  CCV  values  in  each  transient 
step  as  a  function  of  Li  stoichiometry  in  STN-based  electrodes 
(Fig.  3(c)).  The  nitridated  STN  electrode  shows  lower  internal 
resistance  compared  to  that  of  the  pristine  STN  electrode  during 
cycling,  which  implies  that  the  nitridation  process  on  STN  anode 
material  enables  significant  improvement  in  kinetics  associated 
with  charges  transfer. 
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Fig.  3.  GITT  curves  for  (a)  pristine  STN  electrode  and  (b)  nitridated  STN  electrode,  (c)  Internal  resistance  data  calculated  from  the  transient  voltage  profile. 


4.  Conclusion 

In  conclusion,  we  have  successfully  synthesized  Si— Ti— Ni  alloy 
sheathed  with  its  nitride  compounds,  such  as  SiNx/SiNxOy,  TiNx/ 
TiNxOy  and  NiNx/NiNxOy,  using  a  simple  nitridation  treatment.  The 
nitride  compounds  provide  a  high  electric  conductivity  along  the 
surface  as  well  as  mechanical  strength,  which  lead  to  significant 
improvements  in  reversible  capacity,  cycle  performance  and  rate 
capability  over  the  pristine  STN  electrode. 
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